The primate visual system is currently viewed as a rough hierarchy of 30 or more cortical areas [1] [2] [3] [4] . Area V1 is at the bottom of this hierarchy and contains a representation of important elementary visual features. Synaptic inputs from LGN, as well as intracortical circuits, are thought to underlie this important visual representation 1,2 . This model of visual system organization and function is incomplete in at least two aspects 4 . First, the model does not take into account the substantial input to V1 from pulvinar in elucidating V1 function 4-7 . Second, unlike cortico-cortical connections, cortico-pulvino-cortical projections are not hierarchical 4 . Lateral pulvinar receives input from infra-granular layer 5 of V1 and projects to supra-granular layers 1-3 of V1 as well as to layers 3-4 of the secondary visual area (V2) 5, [8] [9] [10] . Supra-granular layers 2-3 of V1 also project to granular layer 4 of V2 ( Supplementary Fig. 1 ) 5 . In addition to each subnucleus of pulvinar (for example, lateral pulvinar) projecting both forward and backward to multiple interconnected cortical areas (for example, V1 and V2), multiple subnuclei connect with the same cortical area 5 . In the absence of layers or columns in the subnuclei of pulvinar 5 , this complex mesh of interconnections obscures the hierarchical position of pulvinar relative to V1 and V2 (ref. 4). Consequently, it is difficult to decipher the distinct function of each node along the corticopulvino-cortical pathway; it is also difficult to tease out the causal relationship between neural activity at different nodes 4, 11 .
a r t I C l e S
The primate visual system is currently viewed as a rough hierarchy of 30 or more cortical areas [1] [2] [3] [4] . Area V1 is at the bottom of this hierarchy and contains a representation of important elementary visual features. Synaptic inputs from LGN, as well as intracortical circuits, are thought to underlie this important visual representation 1, 2 . This model of visual system organization and function is incomplete in at least two aspects 4 . First, the model does not take into account the substantial input to V1 from pulvinar in elucidating V1 function [4] [5] [6] [7] . Second, unlike cortico-cortical connections, cortico-pulvino-cortical projections are not hierarchical 4 . Lateral pulvinar receives input from infra-granular layer 5 of V1 and projects to supra-granular layers 1-3 of V1 as well as to layers 3-4 of the secondary visual area (V2) 5, [8] [9] [10] . Supra-granular layers 2-3 of V1 also project to granular layer 4 of V2 ( Supplementary Fig. 1 ) 5 . In addition to each subnucleus of pulvinar (for example, lateral pulvinar) projecting both forward and backward to multiple interconnected cortical areas (for example, V1 and V2), multiple subnuclei connect with the same cortical area 5 . In the absence of layers or columns in the subnuclei of pulvinar 5 , this complex mesh of interconnections obscures the hierarchical position of pulvinar relative to V1 and V2 (ref. 4) . Consequently, it is difficult to decipher the distinct function of each node along the corticopulvino-cortical pathway; it is also difficult to tease out the causal relationship between neural activity at different nodes 4, 11 .
Despite these complications, certain facts about the pulvinar nucleus make it necessary to address these two limitations. The pulvinar has expanded through evolution in proportion to the enlargement of higher visual and association cortices with which it connects [5] [6] [7] . Pulvinar lesions in monkeys and humans often result in profound visual deficits, such as spatial neglect and impaired attention [12] [13] [14] [15] [16] [17] [18] [19] [20] . Human and monkey experiments have shown pulvinar activity to be correlated with aspects of spatial vision, visual salience, attention and saccadic suppression [21] [22] [23] [24] [25] [26] [27] [28] . Pulvinar atrophy is also characteristic of severe neuropsychiatric disorders and treatment of some of these disorders mitigates pathologies of the pulvinar 29 . That a single thalamic nucleus is associated with such a wide array of visual functions and causes such a variety of deficits when damaged is not easily explained. This motivates a better understanding of the position of pulvinar in the functional hierarchy of the visual system.
As a simple first step toward this goal, we studied the net effect of manipulating the activity of pulvinar neurons on their projection zone lowest in the cortical hierarchy, that is, the supra-granular layers of V1. We locally excited or suppressed neural activity in the lateral subnucleus of pulvinar and measured the effect of these manipulations on the V1 target zone of the affected lateral pulvinar neurons. For comparison and control, we also monitored and manipulated LGN neural activity in similar manner.
RESULTS
We measured the responses of neurons in superficial layers 2-3 of area V1 of Otolemur garnettii to high-contrast (50%) drifting sinusoidal gratings presented in the neurons' visual receptive fields (Online Methods and Supplementary Fig. 2) . In each experiment, responses of multiple V1 neurons were simultaneously measured using a 100-electrode array implanted in one hemisphere. Receptive fields of neurons sampled by different electrodes of the array varied in size from 1° to 4° and were located within 6° of area centralis. These measurements revealed a characteristic brisk phasic response to onset of visual stimulation followed by a tonic response for the remainder of the stimulation (Fig. 1a) .
Effect of reversible inactivation of lateral pulvinar
Using a microelectrode, we found lateral pulvinar neurons whose receptive fields overlapped with a majority of V1 receptive fields sampled by the array. Centrally located lateral pulvinar receptive fields that satisfied this criterion varied in size from 1° to 6° and were a r t I C l e S within 6° of area centralis. We inactivated the lateral pulvinar neurons by infusing a small volume (0.5 µl) of the GABA agonist muscimol (Online Methods). We then repeated the V1 measurements. In 95% (156 of 164) of the V1 neurons that we studied in three animals, the characteristic visually driven responses were almost completely abolished after the visuotopically matched region of lateral pulvinar was inactivated (Fig. 1a,b) . This change occurred at all orientations of the sinusoidal grating (Fig. 1c) . The average visual response decreased from 43.1 ± 2.9 spikes per s (mean ± s.e.m.) to 15.45 ± 1.8 spikes per s (Fig. 1b) , a significant change (Wilcoxon rank-sum test, P = 0, n = 164) of 64%. We quantified the visual responsiveness of V1 neurons by computing the ratio of post-stimulus peak response to the pre-stimulus baseline (or background) response. This ratio changed significantly as a consequence of lateral pulvinar inactivation (Wilcoxon rank-sum test, P = 0, n = 164), with the average value decreasing by 300% from 4.01 ± 0.24 (mean ± s.e.m.) to the nearbaseline value of 1.34 ± 0.03 (Fig. 1d) . Baseline V1 activity also changed significantly (Wilcoxon rank-sum test, P < 0.001, n = 164), decreasing by 36% after lateral pulvinar inactivation (Fig. 1d) .
After lateral pulvinar injection, the phasic component of V1 response was suppressed more strongly near the original preferred orientation of the neuron than near nonpreferred orientations (Fig. 1e) . We computed the suppression index as the divisive reduction in the ratio of the peak-to-baseline response that occurred with lateral pulvinar inactivation (Online Methods). Suppression at the preferred orientation (mean ± s.e.m. = 0.11 ± 0.01) was about fivefold stronger than at the half-width orientation (0.58 ± 0.10, Wilcoxon rank-sum test, P < 10 −30 , n = 164; Fig. 1f ).
Spatiotemporal extent of the lateral pulvinar injections
To exclude cases in which the injection in lateral pulvinar diffused into the LGN or the thalamic reticular nucleus (TRN), we mixed the injected muscimol with biotinylated dextran amine (BDA) and probed it with Alexa Fluor488-conjugated streptavidin (Online Methods). npg a r t I C l e S In the three cases described above, complete reconstruction of the thalamus revealed that the fluorescence was confined to lateral pulvinar within 500 µm of the injection site, and no fluorescence was observed in either the LGN or the TRN ( Fig. 1g and Supplementary  Figs. 3 and 4) . Slight effusion along the path of injection in one case was also confined to dorsal lateral pulvinar and did not encroach on the TRN (Supplementary Fig. 4a ). Strong binding to GABA A receptors and high-affinity uptake into GABAergic neurons and astrocytes keep injected muscimol locally sequestrated 30, 31 . Studies with [ 3 H] muscimol have found that even for large 1-µl injections of muscimol, the region of effectiveness remains confined to about 1 mm over several hours 30, 31 . The 500-µm regions of fluorescence that resulted from 0.5-µl injections in our cases are roughly consistent with these measurements. However, some studies that used large volume (up to 2 µl) muscimol injections have reported that behavioral deficits sometimes changed or strengthened 1-2 h after injection 32 . Effusion along the injection pipette or the slow spread of muscimol in the tissue at a rate of about 1-2 mm over 1-2 h could account for these observations 32 (see Online Methods). To test the latter possibility, we studied the temporal dynamics of the effect of lateral pulvinar injections by measuring V1 visual responses in 15-min intervals over several hours. These measurements showed that the average V1 visual response in the 15 min before the injection was 41.9 ± 6.1 spikes per s (mean ± s.e.m.). V1 visual responses started decreasing within a few minutes (<5 min) of the injection and the average response between 20 and 35 min after the lateral pulvinar injection was 10.4 ± 2.4 spikes per s (Supplementary Fig. 5a ), a significant change (Wilcoxon rank-sum test, P < 10 −9 , n = 36) of 75% from the pre-injection response. Notably, there was no significant change in V1 visual responses thereafter for up to 125 min after the injection (Wilcoxon rank-sum test, P > 0.4; Supplementary Figs. 5b-d and 6 ). Because the LGN was 1.5-2.0 mm from the center of the injection at the closest approach in our cases (Fig. 1g and Supplementary Figs. 3  and 4) , at the rate of diffusion implied by the above-mentioned behavioral studies (~1 mm h −1 ), changes in V1 responses resulting from leakage into LGN could not have occurred sooner than 60-90 min after the injection. Thus, in addition to the histology, this analysis suggests that our results are consistent with the action of injected muscimol on proximal lateral pulvinar neurons rather than on the distant LGN neurons.
Our injections were made in the visuotopic region of lateral pulvinar that contained central receptive fields (Fig. 1g and Supplementary  Figs. 3 and 4) . The part of dorsomedial LGN closest to the center of these lateral pulvinar injections represents the lower visual field; more central LGN receptive fields are located posterolaterally further away from the center of these injections ( Supplementary Fig. 4 ). Given that LGN and V1 receptive fields are retinotopically colocated, if the suppression of V1 responses were mainly a result of leakage of muscimol into LGN, then V1 receptive fields in the lower field must necessarily be affected for the more central receptive fields to be affected. In the three cases described above, the injection almost completely suppressed visual responses in central V1 receptive fields. However, the more eccentric a V1 receptive field was in the lower field, the more responsive it was to visual stimulation ( Supplementary Fig. 7 ). This spatial gradient of the effect of the injection on V1 is also consistent with proximal action of muscimol on lateral pulvinar rather than its leakage into LGN.
LGN activity during inactivation of lateral pulvinar To further ensure that LGN input to V1 was not accidentally disrupted by the lateral pulvinar injection, we performed two more direct controls. First, we injected a fluorophore-conjugated muscimol (FCM, Online Methods) into lateral pulvinar instead of the muscimol-BDA mixture. FCM is a single molecule in which the muscimol terminus npg a r t I C l e S binds to the GABA receptor and the BODIPY TMR-X terminus fluoresces near 572 nm, allowing us to determine the spatial extent of inactivation directly from the fluorescence ( Fig. 2a and Online Methods). Second, we monitored the integrity of LGN input to V1 by simultaneously measuring visual responses from LGN and V1 neurons both before and after the lateral pulvinar injection. To ensure that the measured LGN activity was largely responsible for the V1 activity assessed by the array, we selected LGN neurons with receptive fields completely overlapping those of the sampled V1 neurons 33 . One example is shown for measurements made before lateral pulvinar injection (Fig. 2b) . Simultaneously measured responses for an ipsilateral magnocellular LGN neuron (Fig. 2a) and seven superficial layer V1 neurons (Fig. 2b) , all of whose receptive fields were completely overlapping, were both brisk, with peak-to-baseline ratios of 18 and 3.68 ± 0.02, respectively. Another example is shown for measurements made after lateral pulvinar injection (Fig. 2b) . The LGN response of this ipsilateral parvocellular neuron (Fig. 2a) was still brisk, with a peak-to-baseline ratio of 17, but the simultaneously measured V1 responses were suppressed, with a peak-to-baseline ratio of 0.46 ± 0.18 (Fig. 2b) .
Several LGN sites were sampled both before and after the lateral pulvinar injection. For each site, responses of a LGN neuron were measured simultaneously with several V1 neurons whose receptive fields overlapped that of the LGN neuron. The peak-to-baseline ratio did not change significantly for LGN neurons after lateral pulvinar injection (Wilcoxon rank-sum test, P > 0.39; before lateral pulvinar injection, n = 8, mean ± s.e.m. = 15.31 ± 5.25; after lateral pulvinar injection, n = 14, 15.08 ± 0.02; Fig. 2c ). For V1 neurons, the ratio changed significantly after lateral pulvinar injection (Wilcoxon rank-sum test, P < 10 −6 ; before lateral pulvinar injection, n = 52, mean ± s.e.m. = 5.32 ± 0.24; after lateral pulvinar injection, n = 84, 0.70 ± 0.04; Fig. 2c ). These two controls showed that the integrity of LGN input to V1 was not compromised by the lateral pulvinar injection. The postinjection measurements included in the above analyses started 37 min after lateral pulvinar injection and finished 3 h later. Throughout this period, LGN was robustly responsive to visual stimulation.
Sham and GABA injections
To verify that the mechanics of making the injection did not compromise V1 measurements (for example, by displacing the electrode array during the insertion of the injectrode; see Online Methods), we performed two additional controls. First, although measuring the visual responses of V1 neurons with the array, we inserted the injectrode at the Horseley-Clarke coordinates for lateral pulvinar (Online Methods) and made a sham injection of the muscimol and BDA cocktail at a distance of 1.2 mm above the dorsal surface of lateral pulvinar (one animal; Fig. 3a) . Peak-to-baseline ratios did not change significantly after the injection (n = 44, Wilcoxon rank-sum test, P > 0.5; Fig. 3b ). This confirmed that the injection process did not adversely affect V1 measurements.
Second, we injected the fast and short-acting native inhibitory transmitter GABA into lateral pulvinar instead of the slow and long-acting GABA A receptor agonist muscimol. Each injection of 0.4 µl of GABA in lateral pulvinar resulted in an immediate and marked reduction of the visual responses of superficial layer V1 neurons (Fig. 3c) . When injection was paused, stimulus-driven activity was immediately and fully restored in these neurons (Fig. 3c) . We examined the responses of V1 neurons averaged in three distinct epochs: pre-injection (~200-1,200 s; Fig. 3c ), peri-injection (~1,200-1,600 s; Fig. 3c ) and post-injection (~1,600-2,800 s; Fig. 3c ). Average response significantly changed (Wilcoxon rank-sum test, P < 0.007, n = 31) from the pre-injection period (10.2 ± 1.7 spikes per s) to the peri-injection period (5.4 ± 1.4 spikes per s), a decrease of 47% (Fig. 3d) . Average response also significantly changed (Wilcoxon rank-sum test, P < 10 −4 , n = 31) from the peri-injection period to the post-injection period (10.9 ± 1.7 spikes per s), an increase of 101% (Fig. 3d) . This quick and complete recovery once again confirmed that the injection process did not compromise V1 measurements. The almost instantaneous effect that these small volume (400 nl) GABA injections had on V1 responses also fairly effectively ruled out leakage into LGN as the source of suppression of V1 responses. Histology confirmed that the injections were in lateral pulvinar and did not leak into LGN (Supplementary Fig. 8 ). In addition, this experiment also showed that injecting GABA A receptor ligands with different npg a r t I C l e S molecular structures into lateral pulvinar obtained similar effects on V1 responses. Finally, these results are consistent with those of a previous study that reported reduction in V1 responses after injection of GABA into the lateral posterior (pulvinar) complex of the cat 34 .
Effect of focal excitation of lateral pulvinar
We also measured visual responses in supra-granular V1 layers while focally exciting lateral pulvinar neurons (two animals). Drifting sinusoidal gratings were presented inside V1 receptive fields at the lower contrast of 14% (to reduce saturation effects) and at near-optimal orientations. To excite lateral pulvinar, we injected 0.4 µl of the GABA A receptor antagonist bicuculline methiodide (BMI). We compared V1 measurements from a 10-min interval before the injection with measurements from a 13-15-min interval after the injection (Fig. 4a) . V1 receptive fields sampled by the array overlapped those of the injected lateral pulvinar neurons to varying extents. The baseline activity of all V1 neurons whose receptive fields were within 4-6° of the injected lateral pulvinar receptive fields changed significantly after injection (53 neurons from two animals, Wilcoxon rank-sum, P < 0.008), with an average increase of 72%.
For each V1 neuron, we normalized peristimulus time histograms (PSTHs) over the entire 25-min measurement period, including the pre-and post-injection intervals (Fig. 4a) . Normalized PSTHs were then averaged across neurons for the pre-and post-injection periods separately. In V1 neurons whose receptive fields were fully enveloped by the injected lateral pulvinar receptive fields and were fully stimulated by the visual stimulus (Fig. 4b) , the ratio of peak-to-baseline response changed significantly (Wilcoxon rank-sum, P < 10 −30 , n = 14), increasing by 232% from 2.8 ± 0.40 to 9.3 ± 0.02 (Fig. 4b) . V1 neurons whose receptive fields overlapped those of the injected lateral pulvinar neurons by less than ~60% showed a suppression of response as a consequence of the injection (Fig. 4c) . The peak-to-baseline ratio changed significantly (Wilcoxon rank-sum, P < 0.007, n = 22; Fig. 4c) , decreasing by 83% to 0.47 ± 0.01. In V1 neurons whose receptive fields were fully enveloped by the injected lateral pulvinar fields, but were only marginally stimulated by the visual stimulus that was centered on the lateral pulvinar receptive fields (Fig. 4d) , the peakto-baseline response changed significantly (Wilcoxon rank-sum, P < 0.01, n = 17), increasing by 483% from 1.2 ± 0.08 to 7.05 ± 0.60 (Fig. 4d) . This latter group of V1 neurons behaved as if their receptive npg a r t I C l e S fields had either enlarged or shifted toward the center of the injected lateral pulvinar receptive fields or both (Fig. 4d) . For fully stimulated V1 receptive fields (Fig. 4b,c) , a regression analysis revealed the effect of the receptive field overlap on the peak-tobaseline ratio to be significant (R 2 = 0.64, F = 66.5, P = 0, variance = 0.13; Fig. 4e ).
To classify V1 receptive fields unambiguously into these three qualitative categories ( Fig. 4b-d) , we selected only V1 neurons whose receptive fields were less than half the size of the injected lateral pulvinar receptive field for these post hoc analyses. Histology showed that the BMI injections were localized in lateral pulvinar and did not diffuse into LGN (Supplementary Fig. 9 ). All three types of significant changes observed in V1 responses (Fig. 4b-d ) occurred in minutes (~2 min) of small volume (400 nl) BMI injections in lateral pulvinar. This quick onset was consistent with the observed changes in V1 being a result of the action of injected material on proximal lateral pulvinar neurons rather than of leakage into distant LGN neurons. To further verify that leakage of the excitatory agent into LGN was not involved in kindling V1 neurons, we carried out a control in which we first injected the LGN and then the lateral pulvinar with ibotenic acid, a glutamate agonist, and observed the effect on neurons in the supra-granular layers of V1 (Fig. 5a) . Baseline activity was continuously measured with an electrode array in layers 2-3 of V1. We injected a large 1.8-µl volume of ibotenic acid into all layers of LGN covering the region of visual space spanned by the receptive fields of V1 neurons sampled by the array.
LGN excitation by ibotenic acid first produced an eightfold increase in V1 activity (Wilcoxon rank-sum, P = 0, n = 39; Fig. 5b) . The excitotoxic apoptosis of LGN neurons that followed caused a significant change in V1 baseline activity (Wilcoxon rank-sum, P < 10 −30 , n = 39), with an average decrease of 85%. After allowing 30-60 min for the apoptotic lesion of LGN to complete, we injected 1.0 µl of ibotenic acid into lateral pulvinar (Fig. 5a) . Despite the significantly lower baseline activity, V1 neurons again showed a 14-fold increase in activity following this lateral pulvinar injection (Wilcoxon ranksum, P = 0, n = 39; Fig. 5b ). Fluoro-Jade C staining of degenerating neurons confirmed the location and extent of excitotoxic lesions in LGN and lateral pulvinar (Fig. 5a and Online Methods). These results fairly effectively rule out LGN's involvement in the excitatory kindling of V1 neurons and are consistent with findings that electrical stimulation of pulvinar elicits positive BOLD response in V1 of the macaque 35 .
DISCUSSION
Our data indicate that removal of lateral pulvinar input can almost extinguish visual responses in the primary visual cortex and prevent the associated visual information from propagating beyond V1. The data also show that lateral pulvinar neurons can strongly boost V1 visual responses in the region of their receptive fields while suppressing responses to the surrounding region. These results suggest that the higher order thalamic nucleus pulvinar has a critical and integral part in the functioning of the visual cortex 36 .
The spatial proximity of lateral pulvinar to LGN in the thalamus posed considerable technical challenges for us. Taken together, the extensive histological analyses of the injections (Figs.1g and 2a and Supplementary Figs. 3, 4, 8 and 9) , the temporal dynamics of changes in V1 responses following the injection of muscimol in lateral pulvinar (Supplementary Figs. 5 and 6) , the spatial gradient of changes in visual responses across the central 6° of V1 following the injection of muscimol in lateral pulvinar ( Supplementary  Fig. 7) , the use of fluorescent muscimol to directly determine the spatial extent of inactivation from fluorescence ( Supplementary  Fig. 2a) , direct simultaneous measurement of LGN and V1 responses following lateral pulvinar injections (Fig. 2b,c) , the almost instantaneous effects that small volume (400 nl) injections of GABA and BMI had on V1 responses, and the excitatory kindling of V1 from lateral pulvinar after LGN lesion all implicate the manipulation of neural activity in lateral pulvinar as the cause of the observed effects in V1. However, these experiments measured the net effect of manipulating lateral pulvinar activity on V1 and do not allow us to distinguish between the direct effect that lateral pulvinar exerts on V1 and the indirect effect exerted via pathways through higher visual cortex 4, 36, 37 . Nevertheless, our data reveal a powerful form of control that the pulvinar can exercise over information processed and propagated in the visual cortex. Overall, our results illustrate (Fig. 1g) . Shown is a coronal section stained for AChE with ibotenic acid injections in false colors, green in lateral pulvinar and red in LGN. Insets show regions of injections stained with Fluoro-Jade C in higher magnification. Individual degenerating cells are seen labeled. (b) Changes in the baseline response of a supra-granular V1 neuron due to the injection of ibotenic acid in LGN and lateral pulvinar. The lateral pulvinar injection was made 30 min after the end of the timeline shown for the LGN injection. npg a r t I C l e S a wide range of modulatory functions of a higher order thalamic nucleus in cortical information processing 36 .
A role for lateral pulvinar in sustaining visual responses How can lateral pulvinar effectively suppress geniculo-fugal visual input to V1? Quantitative accounting of our results requires more information, particularly about pulvinar afferents in V1 and the nature of lateral pulvinar's influence on V1 via the indirect pathway through extrastriate areas. However, some qualitative explanations can be suggested for how the direct pulvino-V1 circuit might be responsible for the observed effects. Several experimental and computational investigations have indicated that a balanced combination of inhibitory and excitatory inputs underlies cortical neural responses [38] [39] [40] [41] [42] [43] . In this framework, our results could be accounted for if pulvinar provides potent excitatory synapses to V1. Many neurons in supra-granular layers that receive a disynaptic signal from the LGN will also receive a slightly delayed, quadrisynaptic geniculo-fugal signal via these lateral pulvinar synapses (Supplementary Fig. 10 ). Layer 5 cells in V1 that project to lateral pulvinar also receive input from supra-granular layers via their apical dendrites 44 . The resulting circuit may be lumped and depicted as consisting of a loop for computational purposes (Supplementary Fig. 10 ), although the system is clearly far more complex 36, 45 . Under normal conditions, this pulvino-V1 loop might be necessary to drive and sustain the stimulus-evoked response. When lateral pulvinar is inactivated, the loss of the few, but potent, excitatory inputs from lateral pulvinar could result in a net inhibition that prevents visual responses from fully emerging. Stronger inhibition at the preferred orientation of the neuron, as postulated in some V1 models 42, 43 , would yield greater suppression of the visual response for the preferred orientation after lateral pulvinar inactivation.
A second possibility is that a gating signal from lateral pulvinar acts multiplicatively on the geniculo-fugal feedforward excitatory signal. Setting this lateral pulvinar gating signal low would suppress the geniculo-fugal excitatory input. These two possibilities are not mutually exclusive, as lateral pulvinar could gate feedforward excitatory inputs in a circuit with balanced net excitation and inhibition to the same effect. Thus, including lateral pulvinar inputs in current models of V1 circuitry and function might account for some of our results.
Pulvinar and control of bottom-up salience for attention Lesion or chemical inactivation of pulvinar often results in deficits of visual attention [12] [13] [14] [15] [16] [17] [18] [19] [20] 23, 24 . Electrophysiological and imaging assays of pulvinar neural activity have also revealed links to visual attention 6, 20, [23] [24] [25] [26] . Furthermore, pulvinar has reciprocal connections with both prefrontal and visual cortices 5 . These facts suggest a role for pulvinar in mediating visual attention, which requires coordinated control of top-down and bottom-up signal flows 46 . Specifically, pulvinar subnuclei interconnected with early visual areas could control stimulus-driven or bottom-up salience of visual responses in conjunction with goal-driven or top-down signals received via the subnuclei interconnected with pre-frontal and parietal areas 15, 47, 48 .
A network model of visual attention has postulated that pulvinar controls and routes information in the window of attention up the visual cortical hierarchy by gating feedforward synapses 48 . Our data indicate that lateral pulvinar can control and gate V1 neural activity in a manner consistent with its hypothesized role in controlling bottomup salience for selective attention. When the spatiotemporal context of a visual stimulus autonomously enhances its salience in conflict with behavioral or top-down goals, lateral pulvinar can suppress neural responses to this stimulus in early visual cortex (Fig. 1) , thus biasing the competition in favor of behaviorally relevant stimuli 46 . When the window of attention is on a particular set of visual inputs, lateral pulvinar can boost neural responses to these inputs while simultaneously suppressing responses to surrounding inputs (Fig. 4) , thus gating and routing attended signals up the cortical hierarchy 48 . This analogy between our results and models of visual attention has an important caveat. The large changes in activity observed in our experiments as a consequence of direct pharmacological manipulation of lateral pulvinar need not necessarily be commensurate with the magnitude of neural effects measured in behavioral experiments in which changes in activity are governed not only by engaging or disengaging attention, but also by other variables, such as attentional load, the spatiotemporal window of attention and fixational eye movements.
Behavioral consequences of pulvinar inactivation
We found strong suppression of V1 visual responses following the reversible inactivation of a retinotopic region of lateral pulvinar. There are important caveats in inferring the behavioral consequences of this result. Reversible inactivation or lesion of pulvinar in awake behaving animals and humans may or may not reveal a scotoma depending on many factors, including whether the affected region is restricted to parts of pulvinar that connect with early visual cortex or if it covers other subnuclei as well (for example, in the macaque ventro-lateral and centro-lateral, but not dorsomedial, part of the lateral pulvinar connect to areas V1 and V2) 5 , whether the subject is fixating or freeviewing, whether viewing is binocular or monocular (if pulvinar inactivation/lesion is unilateral), the retinotopic size of the affected area relative to the range of allowed fixational eye movements, and whether measurements are made after possible reorganization [16] [17] [18] . Another critical issue in the emergence of a scotoma is the size of the affected region and the nature of the background against which it is assessed 49 . Lesions to subnuclei connected to higher cortical areas (for example, the dorsomedial part of lateral pulvinar 5 ) are likely to have different types of behavioral consequences reflecting the functional properties of their projection zones [12] [13] [14] [15] [16] 20 . Thus, although it is hard to predict what the behavioral consequences of our results might be, our data clearly show that higher order thalamic nuclei such as the pulvinar have a much more important role in the cortical processing of sensory information than was previously thought.
METhODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METhODS
Ten adult prosimian primates (Otolemur garnettii) of both sexes weighing 0.9-1.3 kg were used in these experiments according to approved protocols from the Institutional Animal Care and Use Committee at Vanderbilt University. Anesthesia was induced by an intraperitoneal injection of 30% urethane solution (1.25 g per kg of body weight) and maintained with 20% of induction dose every 2 h. Neuromuscular blockade was achieved with Vencuronium bromide (0.5-1.0 mg kg −1 h −1 ). Animals respired room air via a ventilator, supplemented with O 2 as necessary, to maintain expired CO 2 at 4%. Pupils were dilated with 2% cyclopentolate (wt/vol) drops and contact lenses with sufficient power and 3-mm pupils were fitted to keep the monitor in clear focus on the retina.
electrophysiology. V1 measurements were made using an electrode array. The dura was reflected and a Cyberkinetics 100 electrode array (Blackrock Microsystems) was pneumatically inserted over V1 and secured with 1% agarose in saline. Spikes were collected using a Bionics multichannel neural data acquisition system and sorted offline using Bayesian clustering methods (Plexon).
LGN and pulvinar measurements were made with single electrodes using a 16-channel Plexon Multichannel Acquisition Processor. Simultaneous measurements in V1 and LGN were made using differential mode recordings on both multichannel systems with common reference. We included in the analyses every neuron whose stimulus-driven PSTH (before lateral pulvinar injection) deviated outside the 95% confidence interval about the mean baseline response (for the analyses following the BMI injections, an additional selection criterion based on receptive field size was used).
Receptive field mapping. To accurately map receptive fields, we used a modified version of Bishop's plotting table method 50 . Optic disks and retinal blood vessels were back reflected with a fiber-optic light source and plotted on a tangent screen 57 cm in front of the eyes. Area centralis was marked relative to the optical disk for each eye. Throughout the experiment, the positions of retinal landmarks were periodically checked for residual drifts of the paralyzed eyes. Stimuli such as moving lines, flashing lines and flashing spots were created using a projector with analog controls and backprojected onto the tangent screen. V1 receptive fields were then accurately hand mapped using these stimuli and plotted on the tangent screen along with retinal landmarks and the area centralis. Using a 45° mirror, the receptive fields, area centralis and retinal landmarks were then precisely transferred to a CRT monitor on which experimental stimuli were presented.
Visual stimuli. Visual stimuli were generated using a VSG 2/5 system (Cambridge Research) and presented on a 22-inch Sony CRT display at 120 Hz refresh rate. Sinusoidal gratings at the behaviorally optimal spatial (0.5 cycles per degree) and temporal frequency (2 Hz) were presented at orientations varying from 0° to 170° in steps of 10°. Each orientation, randomly selected, was presented for 1 s followed by a 1-s interstimulus interval during which the monitor was at the mean luminance of 12 cd m −2 . Gratings covered V1 receptive fields of interest and were presented at 50% contrast in lateral pulvinar inactivation experiments and at 14% contrast in experiments in which lateral pulvinar was excited. Simultaneous V1 and LGN measurements were made by finding an LGN neuron whose receptive field was completely inside V1 receptive fields of interest. A circular patch of light at high contrast (>90%) was flashed inside the LGN receptive field for 0.5-1 s followed by an equal duration interstimulus interval during which the monitor was at the mean luminance of 12 cd m −2 .
Injections. The central representation of LGN was first found using a single electrode, often by aiming for the posterior pole of the LGN at the HorsleyClarke coordinates of anterior-posterior +3 and medial-lateral +7. Central representation in lateral pulvinar was then found by moving 1.5 mm more medial (see atlas of bush baby thalamus/pulvinar, http://www.psy.vanderbilt.edu/ faculty/Casagrande/CasagrandeLab/BUSHBABYATLAS2.pdf). Receptive fields of lateral pulvinar neurons at this site were then accurately plotted. The electrode was replaced with a custom injectrode back-filled with the required cocktail. Previously mapped receptive fields were found again with the injectrode. The injectrode was then lowered by about 100 µm so that the tip of the pipette and not just the tip of the electrode reached the target. The injectrode was then pulled back by 100 µm and the cocktail was slowly infused. Pulling back the injectrode in this manner helps create a pocket in which the injected material stays confined, as indicated by dozens of cases of histology performed in our laboratory. Muscimol injections contained a 66.7 mM solution of muscimol (114 MW, Sigma-Aldrich) in a 1.6% solution of BDA (wt/vol, 10,000 MW, Invitrogen). GABA injections contained a 25 mM solution of GABA (103 MW, Sigma-Aldrich) in a 1.6% solution of BDA. Bicuculline injections contained a 5 mM solution of BMI (509 MW, Sigma-Aldrich) in a 1.6% solution of BDA. Fluorophore-conjugated muscimol injections contained 1 mg of muscimol, BODIPY TMR-X conjugate (Invitrogen) dissolved in 1 ml of 0.9% saline (wt/vol). Ibotenic acid injections contained a 5 mg ml −1 solution of ibotenic acid (158 MW, Sigma-Aldrich).
Histology. Animals were killed using sodium pentobarbital (Nembutal, 50-75 mg per kg). Animals were perfused through the heart with a saline rinse containing 0.05% sodium nitrite, followed by a fixative (2% paraformaldehyde (wt/vol) in 0.1 M phosphate buffer or 3% paraformaldehyde, 0.1% gluteraldehyde (wt/vol) and 0.2% saturated picric acid (vol/vol)) and a 10% sucrose solution (wt/vol). The brain was blocked coronally with a blade mounted at a known coordinate in a stereotax. The occipital cortex was removed and flattened between slides in 0.1 M phosphate buffer with 30% sucrose. Flattened pieces were frozen and tangentially sectioned. The surface vasculature was preserved in the first 100-150-µm section. The remaining tissue was sectioned at 52 µm. The thalamus was cut coronally. All sections were placed in 20% glycerol (vol/vol) in 0.1 M Tris-buffered saline (TBS) and frozen at −70 °C until staining. Cytochrome oxidase staining was used to confirm that the array was in the primary visual cortex ( Supplementary  Fig. 2 ). Cytochrome oxidase staining was performed by incubating sections in 0.2% DAB (D5636, Sigma), 0.3% cytochrome C (250600, Calbiochem), 0.15% catalase (C40, Sigma), 2% sucrose, 0.03% CoCl 2 (wt/vol) and 0.03% NiNH 4 SO 3 (wt/vol) in 0.05 M phosphate buffer at 40 °C for 1-4 h until well differentiated. Tangential slices of the primary visual cortex stained for cytochrome oxidase were successively examined to confirm that the electrode tips were within layers 2-3 ( Supplementary Fig. 2) .
For AChE staining, we used a standard method 51 . Sections were pre-incubated in 0.1 M acetate buffer (pH 6.6), 0.1 M sodium citrate, 20 mM CuSO 4, , 10 −3 M tetraisopropylpyrophosphoramide and 5 mM K 3 Fe(CN) 6 for 45 min. Sections were then incubated in a fresh solution as described above with the addition of 0.1% acetylthiocholine iodide (wt/vol) overnight, rinsed in 0.1 M phosphate buffer, mounted on gelatinized slides, defatted and coverslipped with a mixture of distyrene and xylene.
To visualize BDA injected in the cocktails, sections were rinsed three times in TBS, placed into 1:400 Alexa Fluor488-conjugated streptavidin (Invitrogen) in a buffer consisting of 0.1% sodium azide (wt/vol), 0.2% Triton X-100 (vol/vol) and 0.5% cold-water fish gelatin (vol/vol) for 2 h, rinsed once in the same buffer, and then twice in TBS. Sections were mounted and coverslipped with Vectashield (Vector).
For Fluoro-Jade C staining, sections were rinsed three times in TBS, mounted on subbed slides from distilled water (DH 2 O), and placed on a 50 °C slide warmer for a minimum of 30 min. They were then placed into 80% ethanol and 1% sodium hydroxide (wt/vol) for 5 min, rinsed for 2 min in 70% ethanol, 2 min in DH 2 O and then placed into 0.06% potassium permanganate (vol/vol) in DH 2 O for 10 min. They were rinsed in DH 2 O for 2 min and transferred into a solution of 0.0001% Fluoro-Jade C (Millipore) and 0.1% acetic acid (vol/vol) in DH 2 O. Slides were rinsed three times in DH 2 O, dried on the slide warmer for a minimum of 5 min, cleared in Citrisolve (Fisher) for 5 min and coverslipped. data analysis. PSTHs were computed by aligning responses to stimulus onset, binning spikes in 50-ms intervals and smoothing the binned averaged spike rate with a 150-ms-wide sliding Gaussian window. The ratio of peak-to-baseline response was estimated as the ratio of the post-stimulus peak of the PSTH to the pre-stimulus PSTH values averaged over the 500 ms before stimulus onset. Suppression index at an orientation was estimated as the ratio of the peak-tobaseline value before injection to its value after injection. 
